Electrical microstimulation can establish causal links between the activity of groups of neurons and perceptual and cognitive functions [1] [2] [3] [4] [5] [6] . However, the number and identities of neurons microstimulated, as well as the number of action potentials evoked, are difficult to ascertain 7, 8 . To address these issues we introduced the light-gated algal channel channelrhodopsin-2 (ChR2) 9 specifically into a small fraction of layer 2/3 neurons of the mouse primary somatosensory cortex. ChR2 photostimulation in vivo reliably generated stimulus-locked action potentials [10] [11] [12] [13] at frequencies up to 50 Hz. Here we show that naive mice readily learned to detect brief trains of action potentials (five light pulses, 1 ms, 20 Hz). After training, mice could detect a photostimulus firing a single action potential in approximately 300 neurons. Even fewer neurons (approximately 60) were required for longer stimuli (five action potentials, 250 ms). Our results show that perceptual decisions and learning can be driven by extremely brief epochs of cortical activity in a sparse subset of supragranular cortical pyramidal neurons.
We used in utero electroporation 14 to introduce ChR2 fused to a green fluorescent protein (GFP) (ChR2-GFP 15 ) together with a red fluorescent cytosolic marker 15 (RFP) into neocortical pyramidal neurons (Fig. 1a, Methods) . In the adult brain, ChR2-GFP expression was restricted to pyramidal cells in layers 2/3 (more than 99.4%), mainly in the barrel cortex (Figs 1a and 2a) . In vivo two-photon imaging and retrospective immunohistology revealed that ChR2-GFP was localized to the neuronal plasma membrane. ChR2-GFP was expressed in about half (48.9 6 5.3%, n 5 10, five mice; see Methods) of red fluorescent layer 2/3 neurons (Supplementary Movie 1). ChR2-GFP invaded the soma, dendrites and axons (Fig. 1b, c) . ChR2-GFP expression was stable for at least 8 months and did not seem to perturb neuronal morphology (Fig. 1a-c,  Methods) .
We next characterized the responses of ChR2-GFP-expressing neurons to photostimulation in anaesthetized mice. To sample from the entire population of ChR2-GFP-expressing neurons, unbiased by ChR2-GFP expression level, we recorded from red fluorescent neurons using two-photon targeted loose-patch recordings 16 ( Fig. 1c, d ). Photostimuli consisted of light pulses, produced by a blue miniature light-emitting diode (LED; 470 nm), centred on the recording window (Fig. 1d) . At maximum light intensities (I max 5 11.6 mW mm 22 at the surface of the brain, centred on the diode; 1-10 ms duration) about half (51%) of the patched red neurons (n 5 39/77, eight mice) responded reliably to single photostimuli with at most one action potential. Increasing the photostimulus duration beyond 10 ms did not reveal additional responsive neurons. The other half of the patched neurons did not fire spikes time-locked to the photostimuli, and presumably corresponded to ChR2-GFP-negative neurons. These measurements indicate that most ChR2-GFP-positive neurons can be driven to spiking using our photostimulation system; furthermore, excitation of layer 2/3 neurons through indirect synaptic pathways was weak. ). Each line corresponds to a different neuron, each colour to a different animal. Neurons that could only be driven with photostimuli longer than 1 ms were pooled at the far right (above). h, Cumulative fraction of recorded neurons firing at various threshold intensity levels (computed from the data in g).
When stimulated with 1 ms light pulses, ChR2-GFP-expressing neurons were able to follow frequencies up to 20 Hz (Fig. 1e ) and in some cases up to 50 Hz (Fig. 1f) . These frequencies are comparable to, or higher than, typical spike rates in the barrel cortex 17 . Action potentials followed the photostimuli with short delays (range 3-11 ms) and little jitter ( Supplementary Fig. 1 ).
We next determined the relation between photostimulus intensity and the probability of spiking of ChR2-GFP-expressing neurons. During cell-attached recordings we stimulated with 1 ms light pulses while varying the photostimulus. With decreasing light intensity, neurons switched abruptly from firing action potentials with high probability to firing no action potentials. The photostimulus intensity required to trigger action potentials varied substantially across the population of ChR2-GFP-expressing neurons (Fig. 1g) . Control experiments in brain slices revealed that the brightness of ChR2-GFP measured in individual cells was inversely correlated with firing threshold ( Supplementary Fig. 2 ); in contrast, the firing threshold was independent of the depth of the recorded neuron in vivo ( Supplementary Fig. 3 ). The variability in firing threshold in terms of photostimulus intensity therefore primarily reflects heterogeneity in the expression level of ChR2-GFP in individual neurons. These results confirm that ChR2 can transduce photostimuli into precisely timed spike trains in vivo 18 . Furthermore, the fraction of activated neurons can be tuned by modulating the excitation light intensity (Fig. 1h) .
Can awake mice learn to report photostimulation of layer 2/3 pyramidal neurons in the barrel cortex? To address this question we delivered light pulses to ChR2-GFP-expressing neurons in freely moving animals (Fig. 2a) . We first implanted a window above the barrel cortex 19 , which provided optical access for photostimulation and screening the density of electroporated neurons. We next mounted the miniature LED centred on the imaging window ( Fig. 2a; Methods) . During the behavioural sessions the mice were temporarily connected to an LED controller (Methods). Mice were trained in a detection task to associate photostimulation of ChR2-GFP-expressing neurons (five light pulses, 20 Hz, 1 ms duration) with water reward on one of two choice ports (Fig. 2b, left port) . After four to seven training sessions (200-800 trials per session) all animals expressing ChR2-GFP (n 5 9) reliably reported photostimulation; in the presence (absence) of a photostimulus, mice chose the left (right) port (Fig. 3a , range 72-93% correct, defined as hits 1 correct rejections, divided by total number of trials; Supplementary Movie 2). Control mice without electroporated neurons (n 5 6) performed at chance levels (50.1%, P . 0.70, t-test), even after 25 training sessions (Fig. 3a and Supplementary Fig. 4 ). These experiments demonstrate that photostimulation of layer 2/3 neurons can drive robust behaviour.
How many action potentials triggered by photostimulation are necessary for perception? To address this issue we further trained five mice to respond to one, two and five photostimuli at 20 Hz (example in Fig. 2c) . Although performance decreased with fewer pulses, all ChR2-GFP-expressing mice were able to detect single action potentials in the activated cells, even at modest photostimulus intensities (Fig. 3b, red lines) .
To determine the relation between performance and the number of neurons directly activated by light, we measured behaviour as a function of light intensity (Fig. 3b) . As expected, behavioural performance decreased with decreasing photostimulus intensity, although the psychometric curves varied from animal to animal. For example, at the lowest intensities probed (10% of I max ) some animals continued to discriminate, whereas others performed at chance levels.
We counted the number of ChR2-GFP-positive somata and measured their positions ( Fig. 3c; Methods) . Between 594 and 1430 ChR2-GFP-positive neurons were found in a 2 mm diameter window ( Fig. 3b, c b, Schematic of the behavioural apparatus and reward contingencies. The mouse initiates a trial by sticking its snout into the central port. Photostimuli are applied during a stimulation period (300 ms) accompanied by a series of bright blue light flashes delivered to the behavioural arena (30 Hz, 300 ms) to mask possible scattered light from the portable light source. The mouse then decides to enter either the left or the right port for a water reward. If a photostimulus was present, the choice of the left port was rewarded with a drop of water (hit, green star) whereas the choice of the right port lead to a short timeout (4 s, miss, red star). If the stimulus was absent, only the choice of the right port was rewarded with reward (correct reject, green circle) whereas the left port lead to a timeout (4 s, false alarm, red circle). c, Data from one session (200 trials) with a single stimulus (1 ms) with decreasing light intensities. Each horizontal line delineates 20 trials at fixed light intensity. Blue dots indicate the presence or absence of a photostimulus. Stimulated and non-stimulated trials were presented pseudo-randomly with a probability of 0.5.
neurons under the photostimulation window correlated with the performance of individual animals.
For each animal we then estimated the number of active neurons as a function of normalized intensity (I o 5 intensity/I max ) as:
Here r k is the horizontal position of the kth ChR2-GFP-positive cell and f is the fraction of ChR2-positive cells activated at intensity I o i (Fig. 1h) . i(r) is the spatial distribution of the normalized light intensity in the tissue (horizontal full-width at half maximum 5 2.17 mm, 250 mm below the pia) (Supplementary Methods; Supplementary Fig.  5 ). For trains of five action potentials, an average of 61 neurons (range 6-197) was sufficient to drive reliable performance (more than 65% of correct choices), whereas 297 (range 135-381) active neurons were required with single action potentials (Fig. 3d) . The total number of action potentials required for a given level of performance was independent of the stimulus pattern ( Supplementary  Fig. 6 ).
Two factors make us believe that our estimates of the number of active neurons should be interpreted as an upper bound. First, the measured spatial distribution of light in the tissue is likely broader than the actual distribution of light (see Supplementary Methods). Second, we did not consider possible deterioration of the optical path (thickening of the dura, bone growth, and so on) over the long timescales required for the behavioural experiments compared with the more favourable conditions of the calibration measurements. Therefore the actual number of activated neurons in the behavioural experiments might have been lower than the numbers cited above.
Not surprisingly, triggering more action potentials yields better detection accuracy (Fig. 3d) . However, performance reached asymptotic levels at remarkably low numbers of directly activated neurons; the range between minimal detection and saturating performance was only a few hundred neurons.
Activated ChR2-GFP-positive neurons were distributed over most of the barrel cortex, with a smattering in adjacent sensory areas. The activated cortical region contains at least 40,000 layer 2/3 neurons (approximately 2,000 per barrel column, unpublished data) implying that synchronous action potentials in less than 1% of layer 2/3 neurons can be robustly perceived. These data imply that mechanisms exist to read out extremely sparse codes from primary sensory areas 6, 20, 21 . Because of convergence in the L2/3 R L5 pathway, it is possible that even fewer activated L5 cells could be detected by behaving mice. We also note that the detection threshold could vary considerably based on the state of the animal 6, 22 . We have shown that ChR2-based optical microstimulation can be used to dissect the impact of precisely timed action potentials in a few genetically defined neurons on mammalian behaviour. Our data show that the favourable characteristics of ChR2 reported previously in vitro [10] [11] [12] 15, [23] [24] [25] , in vivo 18 and in invertebrate systems 24, 26 -including the ability to generate precisely timed action potentials-are LETTERS maintained in awake conditions and can be used effectively to drive learning and behaviour.
Photostimulation of genetically defined neurons 27 has key advantages compared with electrical microstimulation. Under typical experimental conditions, electrical microstimulation excites axons non-discriminately, probably including diverse local and long-range axons 7, 8 . Therefore, the cell type and cell location that drive behaviour in classical microstimulation experiments are poorly defined. Photostimulation of genetically defined neural populations naturally overcomes these problems. Our estimates of the number of directly activated cortical neurons necessary to drive perception is lower than previous estimates based on electrical microstimulation 28, 29 . Our stimuli might be functionally more potent because a pure population of excitatory neurons is activated, whereas electrical microstimulation drives a mixture of diverse excitatory and inhibitory neurons. The robust associative learning induced by ChR2-assisted photostimulation opens the door to study the circuit basis of perception and cognition in vivo.
METHODS SUMMARY
In utero electroporation. DNA solution (ChR2-GFP and either mCherry or DsRedexpress ('RFP'); 4:1 molar ratio; final concentration 2 mg ml 21 ) was injected into the right lateral ventricle of embryonic mice (E16). Layer 2/3 progenitor cells were transfected by in utero electroporation 14, 15 . Photostimulation and behaviour. An imaging window was implanted on the electroporated mice 19 at postnatal day 40-50. A miniature blue high-power LED (470 nm peak wavelength, NFSB036BT, Nichia, Japan) was mounted on the imaging window with black dental acrylic. The timing and intensity of the LED was computer-controlled with a custom-built, low-noise current-source circuit (see Methods). Mice were trained on a detection task to report photostimulation (see Methods). The training protocol consisted of several phases; transitions from one phase to the next were triggered by performance at 65% correct or above. Mice had restricted access to drinking water to maintain 80-85% of their pre-training weight. For calibrations using targeted cellattached recordings 16 mice were placed under a custom-made two-photon laser-scanning microscope controlled by ScanImage software 19, 30 . For the photostimulation the objective was removed and a miniature blue high-power LED (as described above) was placed on the centre of the recording window (see Methods). Histology. After completion of behavioural experiments, the brain from each animal was cut into coronal or tangential sections (40-60 mm thick) on a cryostat (Leica, CM 3050S). The localization of ChR2-GFP-positive cell bodies was measured using Neurolucida software (MBF Bioscience).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
